This study presents a method for determining the demagnetization characteristics of ferrite magnets based on reluctance network analysis (RNA). First, an RNA model for determining the operating points of a magnet considering demagnetization using a two-straight-line approximation of the demagnetization curve is discussed. Then, using the proposed model, demagnetization characteristics are determined. Experimental results demonstrate the validity of the proposed method.
Introduction
Permanent magnet (PM) motors based on powerful rare-earth magnets are widely used in various applications because of their high-performance characteristics. However, rare-earth magnets may be subject to price rises as the production of such metals is concentrated in a single country. Therefore, the development of highly PM motors without rare-earth magnets is required.
Although the maximum magnetic energy product of ferrite magnets is one tenth that of rare-earth magnets 1) , high-efficiency ferrite magnet motors have been reported 2) . Ferrite magnets in motors are exposed to a large reverse magnetic field to obtain performance equivalent to that of rare-earth magnet motors. Therefore, ferrite magnets are at a risk of demagnetization because of their low coercive force. Thus, it is necessary to consider the demagnetization of ferrite magnets for ferrite magnet motor design.
Reluctance network analysis (RNA) is a useful method to save calculation time in the estimation of the characteristics of PM motors, as reported in previous studies 3)-6) . However, a demagnetization analysis method using RNA has not yet been proposed.
Because demagnetization analysis using finite element analysis (FEA) has been previously discussed 7)-8) , this method is now applied to RNA. This study presents an RNA model for determining the operating points of ferrite magnets; this model uses a two-line approximation of the demagnetization curve. To verify the accuracy of the proposed model, the calculated results are compared to values obtained from two-dimensional (2D) FEA and experimental results. Each divided element is expressed in a 2D-unit magnetic circuit. Fig. 3 (a) shows the unit magnetic circuit of the core and air region. In the figure, l is the length of the element. The reluctance, Rm, in the unit magnetic circuit is obtained from
Derivation of the RNA Model
where s is the relative permeability, 0 is the permeability of vacuum, and ls is the stack length of the model. The elements of a ferrite magnet can be expressed as the reluctance and magnetomotive force (MMF), F m , shown in Fig. 3 
where r is the magnet's recoil. By connecting all unit magnetic circuits together, the RNA model is obtained. Fig. 4 illustrates the demagnetization curve of a ferrite magnet, which is approximated by two lines. In the figure, Br, Br', Hc, and Hc' are the residual magnetic flux density before demagnetization, residual magnetic flux density after demagnetization, coercive force before demagnetization, and coercive force after demagnetization, respectively. If there is no demagnetization in a ferrite magnet element, Fm is given by
(
When an operating point of a ferrite magnet is changed by an external magnetic field and becomes less than the knee point, the MMF after demagnetization, Fm', can be expressed as
To 
Demagnetization Analysis of the Ferrite Magnets
Using the proposed RNA model, the demagnetization of the ferrite magnets is determined with an exciting current that produces an external magnetic field opposed to the magnetization direction. Three cycles of a sawtooth wave, shown in Fig. 6 , are applied to exciting coils. The maximum value of the current is 4.0 A when the magnet thickness is 2 mm, and 5.5 A when the thickness is 3 mm. winding current and is the inverse of the flux of the ferrite magnet. In the figure, elements A, B , and C are the detection points of demagnetization.
To compare the results from the RNA model with those obtained using FEA, the same calculation as that of RNA was performed using the JMAG-Designer Ver.14.1 software. Fig. 8 shows the mesh distribution of the 2D FEA model. The number of elements of the FEA model is 3,429. Fig. 9 shows the operating points of element B determined by the RNA and 2D FEA models. It is observed that the data obtained by the proposed RNA model almost agree with the corresponding 2D FEA Table 2 shows a comparison of the calculated demagnetization factors by RNA and 2D FEA for the 3-mm-thick magnet In the tables, the demagnetization factor, Dfac, is defined as 
Demagnetization factor at the center of the magnet is greater than that at either end. The calculated values obtained from the proposed model almost agree with those obtained from 2D FEA. Table 3 shows a comparison of the interlinkage magnetic flux of the ferrite magnets calculated via RNA and 2D FEA. After demagnetization, the interlinkage magnetic flux decreased by approximately 25 % for both magnet thickness.
The number of time steps of the proposed model and 2D FEA model is 64 for three cycles of the sawtooth wave. The calculation times of the proposed and 2D FEA models are 17 s and 58 s, respectively.
Comparison with Experimental Results
To verify the calculation accuracy of the RNA model, the calculated values were compared to the measured ones. Fig. 10 shows a photograph of the experimental apparatus; Fig. 10(a) is an exposed view. The supporters are sandwiched between the cores to fix the positions of the cores and magnets. Fig. 10(b) shows an assembled experimental setup. Fig. 11(a) shows the conditions of the experiment, and Fig. 11(b) shows the detection point of the magnetic flux density of the ferrite magnet. The magnetic flux density was determined using a gauss meter (GM-301, Denshijiki Kogyo); the average values of the surface magnetic flux density were obtained from 10 measurements with magnets of the same size. Fig. 12 shows the comparison of the magnetic flux density of the magnet surface before and after demagnetization. The DC input current is 4.0 A when the magnet thickness is 2 mm and 5.5 A when it is 3 mm. In the figure, the error bars denote the maximum and minimum the measured values. It is concluded that the magnetic flux density determined by the proposed RNA model almost agrees with the corresponding 2D FEA calculated and measured values.
Conclusions
This study presented the demagnetization analysis of a ferrite magnet based on RNA. In the proposed model, the demagnetization curve of the magnet was approximated by two lines to estimate the magnetic flux density before and after demagnetization. The validity of the proposed RNA model has been demonstrated by comparing the calculated results with 2D FEA calculation results and experimental results. 
